Introduction: Vitamin D and the antioxidant quercetin, are promising agents for improving physical performance because of their possible beneficial effects on muscular strength and cardiorespiratory fitness. Purpose: The purpose of this study was to determine the effects of increased intakes of vitamin D, quercetin, and their combination on antioxidant status, the steroid hormone regulators of muscle function, and measures of physical performance in apparently healthy male adults engaged in moderate-to-vigorous-intensity exercise training. 
Introduction
Dietary supplementation in athletes is popular for the purposes of maintaining health and improving physical performance. 1, 2 Combining multiple supplements such as flavonoids and vitamins will affect multiple biological targets, offering advantages over treatments with a single product. This strategy is often used in an attempt to improve physical performance. [3] [4] [5] [6] [7] Supplementation with antioxidants has been suggested to improve physical performance through reducing reactive oxygen species. [8] [9] [10] [11] Quercetin, a flavanol abundant in many commonly consumed fruits and vegetables, is one of the most potent antioxidants effective in reducing reactive oxygen species in vitro and in vivo. [12] [13] [14] However, it remains unclear whether quercetin supplementation increases antioxidant status Interest in vitamin D supplementation has increased recently due to reports indicating that low cardiorespiratory fitness [19] [20] [21] [22] and impaired muscular strength [23] [24] [25] [26] in athletes are associated with low vitamin D status. A significant percentage (57%-91%) of athletes are reported to have insufficient vitamin D status. [27] [28] [29] Most commonly, vitamin D insufficiency is due to inadequate sun exposure and affects athletes who train indoors, train early morning or late evening hours, live in far northern or far southern latitudes, or have dark skin. 30 Vitamin D 3 is a precursor to a steroid hormone, 1,25-dihydroxyvitamin D 3 (1,25(OH) 2 D 3 ). 26, [31] [32] [33] Vitamin D receptors are located in numerous types of cells within the body, including those of skeletal and cardiac muscle, endothelium, and the nervous system. 26, 31, 33, 34 In addition, vitamin D receptors are expressed in the male reproductive system and appear to influence the production of testosterone, 35, 36 which can improve muscular strength. 37 The hormone 1,25(OH) 2 D 3 also functions (as other steroid hormones) via nongenomic mechanisms, including the mechanisms converging on cellular Ca 2+ signaling. 26, [38] [39] [40] [41] Low vitamin D status may affect skeletal and cardiac muscle because it is associated with decreased amino acid uptake, prolonged time to peak muscle contraction and relaxation, dysregulation of intracellular Ca 2+ , muscle weakness, myalgia, impaired neuromuscular function, and hypotonia. 42, 43 Supplementation with vitamin D has the potential to improve physical performance through its role in regulation of Ca 2+ signaling in the muscle as well as biosynthesis of the muscle contractile proteins. 33, 39, 44, 45 Several authors studied the association of vitamin D status with physical performance, but results were inconclusive. [46] [47] [48] [49] It is interesting to note that, similar to quercetin, vitamin D has been shown to reduce oxidative stress. 50 Moreover, vitamin D has anti-inflammatory properties, 51 and vitamin D status was observed to be inversely associated with inflammation in runners. 52 It is possible that supplementation with vitamin D and quercetin could improve physical performance through the direct and indirect effects in reducing oxidative stress and increasing production of hormones -testosterone and 1,25(OH) 2 D 3 -involved in regulation of muscle function; the combined supplementation could be more effective because it will target multiple pathways for improving muscle functioning.
This study was undertaken to determine whether dietary supplementation with vitamin D 3 and quercetin, alone or in combination, improves physical performance in male adults. We hypothesized that vitamin D 3 and quercetin supplementation will increase the steroid hormone regulators of muscle function (testosterone, 1,25(OH) 2 D 3 ), improve antioxidant status, and reduce oxidative stress, resulting in improved physical performance. The results obtained do not support these hypotheses: supplementation with vitamin D and quercetin did not influence steroid hormone regulators of muscle function and antioxidant status, resulting in no improvements in physical performance. The participants were instructed to maintain their current training program and not alter the frequency, intensity, duration, or mode of exercise during the study. Participants were also instructed to maintain their dietary habits, record 24-hour diet analysis pretesting to consume the same foods posttesting, and refrain from any supplementation. Study personnel contacted participants weekly to record physical activity and to monitor adherence.
Materials and methods Participants
Participants were randomly assigned in a doubleblind manner to the vitamin D 3 (4, 
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Vitamin D, quercetin, and physical performance "plotblockrand" function in R 3.0.2 was used to create the randomization cards used when assigning participants to the groups. Treatment started after the completion of the fourth laboratory visit and continued for 8 weeks (Figure 1 ).
Supplementation
The quercetin supplement contained 1,000 mg of quercetin (PureBulk, Roseburg, OR, USA). This amount was based on the previous research regarding safety, bioavailability, and human plasma quercetin concentrations achieved with supplementation. 15 The vitamin D supplement (PureBulk) contained 4,000 IU of vitamin D 3 (cholecalciferol), which is the recommended tolerable upper intake level (UL) for this vitamin. 53 The supplier provided certificates of analysis for quercetin and vitamin D 3 . The supplements were also tested and certified by an independent laboratory (Novatia, Monmouth Junction, NJ, USA) (quercetin, 96.7%; vitamin D 3 , 94.3% by liquid chromatography/mass spectroscopy). Microcrystalline cellulose (Professional Compunding Centers of America, Houston, TX, USA) was used as a placebo. All supplements were in powder form, dyed for identical color, and packaged in visually identical capsules and containers (Pharmacy Specialties, Sioux Falls, SD, USA). 
lactate threshold
After a 5-minute warm-up, the initial treadmill speed was set according to the participant's fitness and increased by 1 km/h, between each of the 3-minute successive stages. Each stage was separated by a 30-second period of rest, during which a fingertip capillary blood sample was collected and analyzed using a Lactate Pro blood lactate test meter (Arkray Inc., Kyoto, Japan). Lactate threshold (LT) was defined using the running speed at which an abrupt increase in blood lactate occurred. 55 
km time trial
Participants were habituated with the 5 km time trial (5 km TT) by including three familiarization sessions prior to the test performance. The 5 km TT was performed in an airconditioned laboratory (temperature: 18.0°C±1.2°C) using a TrackMaster treadmill, with a fan positioned 1 m in front of the subject to provide cooling. Participants started with a 5-minute warm-up followed by stretching. Before the 5 km TT, participants were instructed to complete the 5 km TT in the least amount of time as possible (ie, to race the 5 km TT). During the 5 km TT, participants were allowed to adjust the treadmill speed as desired. Participants were given feedback with respect to distance and time elapsed, but were not allowed to know their running speed. Participants were informed of their final 5 km TT time at completion. Water consumption was encouraged and allowed ad libitum. Exercise heart rates were measured using a wireless transmitter system (Polar Electro Inc., Woodbury, NY, USA).
Muscle function hand grip strength
The JAMAR hand dynamometer (Lafayette Instrument, Lafayette, IN, USA) was used to measure grip strength. The test was performed with the subject in a seated position using the dominant hand, with the shoulder adducted, elbow flexed at 90°, and a neutral wrist position. Participants were instructed to squeeze as hard as possible. This was repeated three times with a 60-second rest between each repetition. The mean value of the repeated measures was reported.
Vertical jump
Vertical jump (VJ) height was assessed using the VERTEC (Questtek Corp, Northridge, CA, USA). The height of the VERTEC was adjusted in accordance with the manufacturer's guidelines. Participants were given three attempts to reach their maximum height using counter movement jump. The highest of the three trials was recorded.
isokinetic leg strength
Isokinetic knee extension (IKE) and isokinetic knee flexion (IKF) of the dominant limb were determined using a computerized dynamometer in an isokinetic mode (Biodex Multi-joint System 3, Shirley, NY, USA), using a previously published protocol. 56 Following warm-up, participants performed five repetitions of knee flexion and extension at angular velocities of 60°/s, 120°/s, and 300°/s, with a 3-minute rest between each set. Corrections were made for gravity. 56 Participants were given one familiarization session 24-48 hours before testing. The maximum torque produced in a single repetition was used as the measure of strength.
Markers of antioxidant, vitamin D, and testosterone status
Blood samples were drawn into tubes with no additives, serum was aliquoted, immediately frozen, and stored at -80°C until analysis. The following kits were used: 25- 
Statistical analysis
The participants were randomized into four groups: vitamin D 3 (D, n=14), quercetin (Q, n=6), vitamin D 3 plus quercetin (D + Q, n=6), and placebo (P, n=14). A multiple ANOVA with interactions was used to compare differences between supplementation groups. A Tukey post hoc test was run for
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Vitamin D, quercetin, and physical performance significant tests. Significance for all comparisons was set at P,0.05. This data analysis allowed group comparisons for individual assays and performance measures. All data were analyzed using R version 3.0.2.
Results

Subject description and assessment
Around 40 participants were recruited for the study during winter of 2013 (January-February), with follow-up occurring 8 weeks after enrollment. One of these participants was excluded because of not meeting training requirements during the 8-week time period. Following analysis of presupplementation data, four participants (three from the D group, one from the P group) were removed from statistical analysis as outliers because of high serum testosterone concentrations (defined as significantly outside the normal range of 4. Table 1 . The age, height, and weight of the participants ranged from 25 to 42 years, 172.7 to 193.0 cm, and 65.9 to 108.2 kg, respectively. At the completion of the study, ethnic groups were 97% white and 3% black, which is similar to the local population demographics. Data collection was performed in Sioux Falls, SD, USA (latitude: 43.5°N).
Cardiorespiratory fitness and muscle function
Physical performance outcomes are presented in Tables 2  and 3 . The treatment groups were well-matched at the baseline for all outcome measures except VO 2 max (the Q group had somewhat lower average VO 2 max values, but there were no significant changes of VO 2 max in this group from pre-to postsupplementation). There were no significant changes in physical performance measures (VJ, HG [hand grip strength], IKF, IKE, VO 2 max , 5 km TT, and LT) between any groups from pre-to postsupplementation. Isokinetic muscular performance outcomes are presented in Table 2 . At baseline, the vitamin D group tended to have smaller torque values than other groups, but this difference was not statistically significant for any rotational joint speed. As expected, torque values decreased with increasing knee flexion and extension velocities. There were no statistically significant changes in the testosterone concentration from pre-to postsupplementation ( Figure 2C) . Specifically, the testosterone concentration was higher by 3.7% in the P group (P=0.834), 41.2% in the D group (P=0.216), 0% in the Q group (P=0.998), and 3.4% in the D + Q group (P=0.849). These findings imply a strong increasing trend of testosterone concentration associated with vitamin D 3 supplementation in participants with the normal initial testosterone levels. When participants with abnormally high baseline testosterone levels were included in statistical analysis, there was only 1.7% increase in the D group
Markers of antioxidant, vitamin D, and testosterone status
Open Access Journal of Sports Medicine 2015:6 The evaluation of antioxidant staus revealed significant variations in total antioxidant capacity (TAC) in serum, including a decrease in TAC values for all the treatment groups and the placebo group from pre-to postsupplementation ( Figure 3A ). This may indicate that a relatively intensive long-term training program depletes antioxidant capacity and that the quercetin and vitamin D supplementations are not effective in preventing this decrease in TAC. The superoxide dismutase (SOD) activity in serum, which can serve as a marker of oxidative stress by indicating a release of the enzyme from the damaged tissues, 57 was increased in the P group at the end of the evaluation period ( Figure 3B 
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Discussion
The aims of this study were to evaluate the effects of vitamin D and quercetin supplementation on the cardiorespiratory and muscular fitness outcomes and determine the possible mechanisms of these effects, converging on the steroid hormone regulators of muscle function and linked to maintaining antioxidant status.
The main findings obtained demonstrate that long-term supplementation of physically active male adults with vitamin D 3 alone, quercetin alone, or their combination does not increase physical performance and does not produce significant changes in markers associated with antioxidant status and hormones (testosterone, 1,25(OH) 2 D 3 ) involved in regulation of the muscle function.
The Institute of Medicine recommends serum 25(OH)D concentration .50 nmol/L as adequate for bone and overall health in healthy adult individuals. 58 Previous studies have shown a positive association between serum 25(OH)D and testosterone. 36, 65, 66 We found a nonsignificant increase in testosterone level with an increase in serum 25(OH)D. Despite an increasing trend in testosterone levels with vitamin D supplementation, physical performance outcomes remained unchanged. A much larger increase in testosterone concentration may be necessary for improved physical performance. 67 Additionally, the healthy young males of this study responded to vitamin D 3 supplementation with only limited increase in testosterone concentration, probably because they have already achieved a high testosterone status associated with an increased physical activity and a decreased body mass index. 68 The observed increase in serum 25(OH)D concentration was not accompanied by significant changes in muscular performance. These results are consistent with meta-analyses performed using older adults. 46, 47 Although an increase in proximal lower limb muscle strength with vitamin D supplementation in vitamin D deficient (,25 nmol/L) elderly participants was demonstrated in one study, 69 we did not find 
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Scholten et al any improvement in muscular strength of vitamin D sufficient (.50 nmol/L) healthy adult males. These differences may be due to a young age and a sufficient baseline serum 25(OH)D levels (.50 nmol/L) of participants in our study. Quercetin supplementation has been associated with improved cardiorespiratory fitness, possibly through its role as an antioxidant. Davis et al 70 reported significant improvements in time to fatigue and VO 2 max in nonathletic individuals supplemented with 500 mg/d of quercetin for 7 days, indicating the potential importance of quercetin for enhancing aerobic performance. We previously reported that supplementation of trained participants with 1,000 mg/d of quercetin for 6 weeks tends to increase VO 2 max , suggesting a slight improvement in cardiorespiratory fitness through reducing oxidative stress. 18 In this study, quercetin and vitamin D supplementation did produce significant changes in antioxidant status. However, these biomarker changes were not in parallel with one another limiting the strength of these findings. 71 Furthermore, these changes were not significant enough to enhance physical performance (VO 2 max , 5 km TT, or LT), possibly due to the high initial antioxidant status of the participants. These null findings in trained participants are similar to two other studies that reported no effects on several measures of oxidative stress and antioxidant capacity with quercetin supplementation for 6-12 weeks. 72, 73 An association between vitamin D staus and cardiorespiratory fitness (VO 2 max ) in healthy adults has been reported. 19, 21 The current investigation assessed the effect of vitamin D 3 supplementation on outcomes of cardiorespiratory fitness, but did not find a significant increase in VO 2 max , 5 km TT, or LT with a significant increase in vitamin D status. The participants in this study were young, physically fit, vitamin D sufficient males, with a body mass index of 25.3 and VO 2 max of 51.8 mL/(kg ⋅ min). These factors could limit the potential beneficial effects of vitamin D supplementation. It is possible that a higher (.4,000 IU/d) intake of vitamin D 3 further increases 25(OH)D concentration and could result in an improved physical performance, as found in two studies using athletic populations. 60, 74, 75 However, it was not possible for us to supplement with .4,000 IU/d, as we were restricted by the Institutional Review Board from exceeding the Upper Limit set by the Institute of Medicine due to concerns of toxicity. Finally, previous evidence suggests quercetin supplementation has a small effect size for improving performance. Our study may have been underpowered to find such an effect. However, the addition of vitamin D should probably have strengthened this effect.
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Vitamin D, quercetin, and physical performance It would have been interesting to have utilized an athletic team which would have the advantages of a similar training plan, performance status, age, and meal plan for all subjects. Additionally, future approaches could incorporate greater bouts of intensity to elicit a greater amount of oxidative stress, recruitment of vitamin D deficient (,30 nmol/L) subjects incorporating an adequate repletion regiment, and increased supplementation amounts of quercetin or vitamin D with or without other flavonoids. Finally, a study designed to improve measures of fitness would investigate the added training effects of supplementation with quercetin or vitamin D.
Conclusion
The results obtained demonstrated that vitamin D 3 supplementation at a tolerable UL (4,000 IU/d) for 8 weeks significantly increases vitamin D status (serum 25(OH) D concentration). However, vitamin D 3 alone, quercetin alone, and their combination did not produce significant changes in the markers associated with antioxidant status or the steroid hormone regulators of muscle function and did not influence physical performance outcomes in physically active males. These findings indicate that long-term vitamin D and quercetin supplementation do not improve physical performance in male adults with adequate vitamin D, testosterone, and antioxidant status and do not support the supplementation with vitamin D and quercetin, singularly or in combination, for enhancing physical performance in physically active male adults. 
